Supragranular pyramidal neurons in the adult rat auditory cortex (AC) show marked long-term potentiation (LTP) of population spikes after tetanic white matter stimulation (TS). For determination of whether this marked LTP is specific to AC, LTP in rat AC slices was compared with LTP in slices of the visual cortex (VC). The amplitude of TS-induced LTP in AC was twice that in VC. LTP of EPSPs was also studied with perforated patch or whole-cell recording. Although the amplitude of TSinduced LTP of EPSPs in AC was larger that in VC, no cortical difference was found in LTP elicited by low-frequency stimulation paired with current injection. Neocortical LTP is dependent on the activation of NMDA receptors, and induction of LTP requires postsynaptic depolarization for removal of Mg 2ϩ blockade of NMDA receptors. The postsynaptic depolarization elicited by TS in supragranular pyramidal neurons in AC was significantly larger than that in VC. Cutting of supragranular horizontal connections resulted in a decrease in the depolarization amplitude in AC but an increase in the depolarization amplitude in VC. The cortical difference in TS-induced LTP was diminished in the slices in which horizontal connections in supragranular layers were cut. The estimated density of horizontal axon collaterals of supragranular pyramidal neurons in AC was approximately twice that in VC. These results strongly suggest that the marked polysynaptic and postsynaptic depolarization during TS and the resulting marked LTP in AC are attributed to well developed horizontal axon collaterals of supragranular pyramidal neurons in AC.
Supragranular pyramidal neurons in the adult rat auditory cortex (AC) show marked long-term potentiation (LTP) of population spikes after tetanic white matter stimulation (TS). For determination of whether this marked LTP is specific to AC, LTP in rat AC slices was compared with LTP in slices of the visual cortex (VC). The amplitude of TS-induced LTP in AC was twice that in VC. LTP of EPSPs was also studied with perforated patch or whole-cell recording. Although the amplitude of TSinduced LTP of EPSPs in AC was larger that in VC, no cortical difference was found in LTP elicited by low-frequency stimulation paired with current injection. Neocortical LTP is dependent on the activation of NMDA receptors, and induction of LTP requires postsynaptic depolarization for removal of Mg 2ϩ blockade of NMDA receptors. The postsynaptic depolarization elicited by TS in supragranular pyramidal neurons in AC was significantly larger than that in VC. Cutting of supragranular horizontal connections resulted in a decrease in the depolarization amplitude in AC but an increase in the depolarization amplitude in VC. The cortical difference in TS-induced LTP was diminished in the slices in which horizontal connections in supragranular layers were cut. The estimated density of horizontal axon collaterals of supragranular pyramidal neurons in AC was approximately twice that in VC. These results strongly suggest that the marked polysynaptic and postsynaptic depolarization during TS and the resulting marked LTP in AC are attributed to well developed horizontal axon collaterals of supragranular pyramidal neurons in AC.
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Experience-dependent synaptic plasticity is required for development of the primary sensory cortex Wiesel and Hubel 1963; Blakemore and Cooper, 1970; Hirsch and Spinelli 1970; Woolsey and Wann, 1976) . L ong-term potentiation (LTP) of thalamocortical synapses is elicited in young animals (Crair and Malenka, 1995) . Cortical LTP in young animals is thought to serve as a cellular mechanism for developmental plasticity (K irkwood et al., 1995) . LTP of intracortical circuits is elicited in adult animals (Iriki et al., 1989; Hirsch and Gilbert, 1993; Hess and Donoghue, 1994) . Neocortical LTP is usually dependent on the activation of NMDA receptors (Artola and Singer, 1987; K imura et al., 1989) , and postsynaptic depolarization is required for the induction of LTP to remove Mg 2ϩ blockade of NMDA receptors (Norwak et al., 1984; Artola et al., 1990) . Postsynaptic depolarization is also required for inducing the plasticity of neural responsiveness in visual cortex (VC) Shultz and Frégnac, 1992) and in auditory cortex (AC) (Cruikshank and Weinberger, 1996) .
It has been reported that the extents of neocortical LTP and postsynaptic depolarization during induction of LTP are different between the motor and somatosensory cortices (CastroAlamancos et al., 1995; C astro-Alamancos and Connors, 1996) . Therefore, it is quite likely that functional characteristics of each cortex are reflected in the diversity of synaptic plasticity. In AC of adult animals, the receptive field properties of single neurons change on sound discrimination learning (e.g., Edeline and Weinberger, 1993) , and the cortical region responding to tones of the frequency used enlarges (Recanzone et al., 1993) . Synaptic connections between auditory cortical neurons are potentiated by correlated activities during learning (Ahissar et al., 1992) . A short auditory experience elicits synaptic plasticity in AC, by which the sound discrimination ability of rats is enhanced (Sakai et al., 1995 (Sakai et al., , 1996 . Marked LTP of population spikes is observed in AC of adult rats Shibuki, 1994, 1996a) . These many findings raise the possibility that AC of adult animals may be specialized to produce marked synaptic plasticity.
Pyramidal neurons are connected to each other via axon collaterals (Thomson and Deuchars, 1994) , and thalamocortical inputs are amplified by excitatory recurrent circuits (Douglas et al., 1995) . During presentation of a species-specific vocalization, synchronized neural activities are recorded from a wide area of AC of the common marmoset (Wang et al., 1995) . Correlated activities between a pair of neurons are detected in AC during presentation of auditory stimuli (deCharms and Merzenich, 1996) . Well developed connections between pyramidal neurons, the presence of which in AC are expected based on these findings, may play a critical role in amplification of postsynaptic depolarization and induction of synaptic plasticity. Therefore, we compared LTP between AC and VC and studied the relationship between the diversity of LTP and that of intracortical circuits.
Preliminary results have been published in abstract form (Kudoh and Shibuki, 1996b).
MATERIALS AND METHODS
Materials. Wistar rats of both sexes (4 -7 weeks old) were used. After a rat was anesthetized with ether, it was immersed in ice-cold water except for the nose for 3 min to reduce brain temperature. Immediately after decapitation, the brain was removed in an ice-cold artificial medium bubbled with 95% O 2 and 5% C O 2 . The composition of the medium (in mM) was NaC l 124, KC l 5, NaH 2 PO 4 1.24, MgSO 4 1.3, C aC l 2 2.4, NaHC O 3 26, and glucose 10. AC was determined as area 41 (Krieg, 1964) or area 1 of the temporal cortex (Z illes, 1985) , and a block including AC was dissected out (see Fig. 1 A) . Coronal slices (thickness, 400 m) were prepared from the block with a microslicer (DTK-2000; Dosaka, Osaka, Japan). For comparison, coronal slices were prepared from VC (see Fig.  1 A) , which was identified as area 17 (Krieg, 1964) or area 1 of the occipital cortex (Z illes, 1985) . In some experiments, slices cut in a plane orthogonal to the coronal plane and the surface of the cortex were prepared from AC and VC, respectively. The obtained slices were incubated in an artificial medium at 30°C for at least 1 hr before recording. The recording was performed at 35°C unless otherwise specified. During the recording, the slices were continuously perf used with the oxygenated medium at a flow rate of 1 ml /min. In some experiments, various drugs were added to the perf using medium. 6-C yano-7-nitroquino xaline-2,3-dione (C NQX) and D-(Ϫ)-2-amino-5-phosphonovalerate (D-APV) were obtained from Tocris Cookson (Bristol, UK). Bicuculline was purchased from Research Biochemicals (Natick, M A). The experiments were performed according to the guidelines of Niigata University and had the approval of the ethics committee of Niigata University.
Stimulation. As a stimulating electrode, the cut end of a Teflon-coated Pt wire (metal diameter, 50 m) was placed on the border between the white matter and layer V I. An electrolytically polished Ag wire, which was insulated with poly vinyl chloride except for the tip, was also used as a stimulating electrode and inserted into the border between the white matter and layer V I. In some experiments, supragranular layers were stimulated with these electrodes. Biphasic pulses (duration of each phase of each pulse, 100 sec) were passed through the electrode to minimize stimulus artifacts in the recording. The intensity of pulses in each phase was 600 A for field potential recording unless otherwise specified. For whole-cell or perforated patch recording, the intensity of the stimuli was 150 A-1 mA. For evoking LTP in field potentials, tetanic white matter stimulation (TS; 100 pulses at 100 Hz, twice at a 30 sec interval) or -burst stimulation (four pulses at 100 Hz, five pulse trains at 5 Hz, repeated five times at 0.1 Hz) was applied to the white matter. For evoking LTP in EPSPs of pyramidal neurons, TS (100 pulses at 100 Hz, 500 A) was used. L ow-frequency white matter stimulation (100 pulses at 2 Hz, 150 A) paired with injection of depolarizing current (1.5 nA, 100 msec) was also used to elicit LTP in EPSPs. In this experiment, a stimulus pulse was applied to the white matter 50 msec after initiation of the current injection for 100 msec.
Field potential recording. Field potentials elicited by white matter stimulation or supragranular focal stimulation were recorded through an electrolytically polished Ag wire, which was insulated with poly vinyl chloride except for the tip. After being passed through a bandpass filter between 0.2 Hz and 10 kHz, the data were stored in a computer for later analysis. In some experiments performed using bicuculline (0.5 M), the stimulus intensity was reduced to 300 -400 A for adjustment of the amplitude of field potentials, and additional currents were applied during TS through another stimulating electrode close to the other to give a total current of 600 A.
W hole-cell or perforated patch recording. Supragranular pyramidal neurons were recorded using a blind slice patch technique similar to the one described previously (Kudoh and Shibuki, 1996a) . A glass micropipette was filled with a solution containing (in mM): K-gluconate 130, KC l 10, H EPES 10, EGTA 1 (or 0.5 for recording LTP), MgC l 2 1, Na-ATP 4, Na-GTP 1, and sucrose 16, with pH adjusted to 7.2 with KOH (resistance, 20 -30 M⍀). This electrode was inserted into supragranular layers, and a positive pressure of ϳ30 mmHg was applied in the pipette during insertion. After a sudden increase in the access resistance of the electrode, negative pressure was applied to obtain whole-cell current-clamp recording.
For recording LTP in a pyramidal neuron, perforated patch recording was also used. The composition of the filling medium was (in mM): K 2 SO 4 92, KC l 31, H EPES 10, and MgC l 2 1, adjusted to pH 7.4 with KOH. The resistance of the recording electrode was 8 -12 M⍀. Amphotericin B (Wako Chemicals) dissolved in dimethylsulfoxide (10 mg /ml) was added to the patch medium (final concentration, 50 g /ml). The tip was filled with an amphotericin B-free medium to facilitate the sealing between the pipette and cell membrane. Membrane resistance and resting membrane potential were measured, and neurons with a resting membrane potential more negative than Ϫ55 mV were selected. Pyramidal neurons were identified in terms of an antidromic spike elicited by white matter stimulation at an intensity Յ1 mA (Kudoh and Shibuki, 1996a 
RESULTS

Comparison of synaptic responses elicited by single-pulse stimulation
Before study of the diversity of LTP, synaptic responses elicited by single-pulse stimulation were compared between AC and VC. The field potentials elicited by white matter stimulation in supragranular layers of AC are composed of early and late negative waves ( Fig. 1 B) . The early negativity was resistant to 10 M CNQX, an antagonist of non-NMDA glutamate receptors, whereas the late negativity was blocked by CNQX as described previously (Kudoh and Shibuki, 1994) . This CNQX-sensitive negativity corresponds to trans-synaptically activated population spikes of pyramidal neurons (Kudoh and Shibuki, 1996a) . These two components were recorded in both cortices ( Fig. 1 The difference in synaptic responses between the cortices was analyzed using whole-cell current-clamp recording. The resting membrane potential was Ϫ61 Ϯ 1 mV (n ϭ 25), and the membrane resistance was 45 Ϯ 3 M⍀ in the supragranular pyramidal neurons in AC, whereas these parameters were Ϫ61 Ϯ 1 mV (n ϭ 26) and 43 Ϯ 2 M⍀, respectively, in VC. For comparison of the amplitudes of EPSPs that did not accompany antidromic spikes, white matter was weakly stimulated at an intensity of 150 A. The rate of rise of EPSP amplitude was 1.8 Ϯ 0.2 V/sec (n ϭ 17) in AC and 2.1 Ϯ 0.2 V/sec (n ϭ 16) in VC, and no significant difference between the cortices was found regarding these data.
Comparison of LTP between the cortices
LTP was compared in coronal slices of AC and VC. Only when the CNQX-resistant and trans-synaptic components of the field potentials elicited by the white matter stimulation at the intensity of 600 A were Ͼ1.5 and 0.5 mV, respectively, was analysis of LTP performed. As reported earlier (Kudoh and Shibuki, 1994) , LTP in AC was selectively elicited by TS in the trans-synaptic population spikes, and the CNQX-resistant field potentials did not change on induction of LTP (Fig. 1 D) . LTP was observed in the slices obtained from rats of widely distributed ages (29 -49 d postnatal), and no particular critical period was found in this range of ages. Similarly, LTP was recorded in VC, but the amplitude of this LTP was smaller than that of the LTP in AC (Fig.  1 E) . The LTP amplitude was estimated 30 min after cessation of TS. The value was 51 Ϯ 8% (n ϭ 15) in AC and 26 Ϯ 5% (n ϭ 11) in VC (Fig. 1 F,G) , and the difference was statistically significant (Mann-Whitney U test, p Ͻ 0.01).
The observed diversity in TS-induced LTP might reflect a trivial difference in the recording conditions rather than a fun-damental difference between the cortices. For investigation of this possibility, LTP recorded under various conditions was compared. First, LTP in AC and VC was recorded in horizontal and parasagittal slices, respectively. However, the amplitude of the LTP was not significantly different from that of the LTP recorded in coronal slices (Fig. 1G) . The amplitude of LTP in horizontal slices of AC was twice that of the LTP in parasagittal slices of VC (Fig. 1G ), although the difference in LTP amplitude between AC and VC was not statistically significant in these slices. In coronal slices, LTP was also elicited by -burst stimulation or recorded in the presence of bicuculline (0.5 M), an antagonist of GABA A receptors, and a significant difference in LTP amplitude between AC and VC was observed in both experiments ( p Ͻ 0.05; Fig. 1G ).
We compared LTP in the rising slope of EPSPs with perforated patch recording from pyramidal neurons (Fig. 2 A-C) . The LTP amplitude was estimated 10 min after cessation of TS, because recording conditions in many neurons were stable within this period. Again, there was a significant difference ( p Ͻ 0.05) in TS-induced LTP amplitude between AC (61 Ϯ 10%; n ϭ 8) and VC (23 Ϯ 4%; n ϭ 7). These results clearly indicate that there is a significant cortical difference in TS-induced LTP amplitude, regardless of the method used for recording LTP. However, when LTP was elicited by low-frequency white matter stimulation paired with injection of depolarizing current (Fig. 2 D-F) , there was no apparent difference in the LTP amplitude between AC (32 Ϯ 8%; n ϭ 9) and VC (29 Ϯ 8%; n ϭ 9). Although no significant difference between the cortices was found regarding the membrane resistance of pyramidal neurons, these results suggest a possibility that the cortical difference in TS-induced LTP may be attributed to that in the amplitude of depolarization of pyramidal neurons during TS.
Diversity of polysynaptic and postsynaptic depolarization and roles of horizontal connections in the diversity
The diversity in TS-induced LTP between AC and VC suggests the presence of a difference in the extent of postsynaptic depolarization during TS. Therefore, we recorded supragranular pyramidal neurons with whole-cell recording and measured the postsynaptic depolarization during TS (Fig. 3A) . The maximal amplitude of the depolarization during TS was 50 Ϯ 3 mV (n ϭ 8) in AC, whereas it was 30 Ϯ 1 mV (n ϭ 10) in VC, and a significant difference was found between the two values ( p Ͻ 0.01; Fig. 3B ).
Because no significant difference between the cortices was found in the synaptic responses elicited by single-pulse stimulation or in the membrane resistance of pyramidal neurons, we expected that the diversity in the depolarization was attributable to polysynaptic excitation (C astro-Alamancos et al., 1995), which may be amplified in intrinsic neural circuits (Douglas et al., 1995) . Possible pathways responsible for the diversity in TS-induced LTP are recurrent excitatory connections between pyramidal neurons through horizontal axon collaterals. Therefore, horizontal connections were cut by making a pair of slits 450 m apart in the supragranular layers of the slices. The slits were made using a razor blade attached to a manipulator. The amplitude of the depolarization in AC was significantly reduced by the presence of the slits ( p Ͻ 0.05; Fig. 3B ), whereas that in VC was significantly augmented ( p Ͻ 0.05). These data suggest that the differences in the extent of polysynaptic and postsynaptic depolarization may be derived from synaptic inputs mediated by horizontal connections.
Roles of horizontal connections in diversity of TS-induced LTP
Because the difference in TS-induced depolarization of pyramidal neurons was diminished by the presence of a pair of slits, we cut supragranular horizontal connections by adding a pair of slits and measured the amplitude of TS-induced LTP. The LTP amplitude in AC was significantly reduced by the presence of a pair of slits 400 or 450 m apart (Fig. 4 A) . However, no effect of adding slits was observed in VC (Fig. 4 B) . The size of the gap between the slits was varied. The amplitude of LTP in AC was significantly reduced by the presence of a pair of slits 400 or 450 m apart ( p Ͻ 0.05, respectively) but not 500 m apart (Fig. 4C) . The LTP in VC was not affected significantly by the presence of a pair of slits with any of the interslit gap sizes used, and therefore, no significant difference in LTP amplitude between AC and VC was observed in the slices with a pair of slits 400 or 450 m apart. These data strongly support the hypothesis that horizontal connections play a facilitative role in induction of TSinduced LTP in AC but not in VC.
Horizontal spreading of trans-synaptic field potentials in supragranular layers
For study of synaptic responses mediated by horizontal connections in supragranular layers, recording and stimulating electrodes were placed in supragranular layers, and horizontal spreading of the field potentials in response to focal stimulation was recorded. CNQX-resistant and trans-synaptic components of the field potentials were observed after the focal stimulation at an intensity of 300 A in both cortices (Fig. 5A) . The distance between the stimulating and recording electrodes was varied, and the relationship between the distance and the amplitude of the trans-synaptic field potentials was plotted (Fig. 5A) . The potentials in AC were larger than those in VC, and a significant difference in the amplitude ( p Ͻ 0.05) was found at 400, 500, and 600 m (Fig. 5A ). For determination of the contribution of intrinsic inhibition to the difference, field potentials were recorded in the presence of bicuculline (0.5 M). Horizontal spreading of the trans-synaptic potentials was facilitated by bicuculline (Fig. 5B) . Although the effect of bicuculline was observed in both cortices, it was more pronounced in VC than in AC, and no significant difference in the amplitude of trans-synaptic responses between the cortices was observed in the presence of bicuculline (Fig. 5B) .
Horizontal spreading of CNQX-resistant potentials in supragranular layers
Although no clear difference in the trans-synaptic field potentials was found between AC and VC in the presence of bicuculline (Fig. 5B) , a significant difference in TS-induced LTP amplitude between AC and VC was observed even in the presence of bicuculline (Fig. 1G) . Therefore, we focused on horizontal spreading of CNQX-resistant field potentials. We recorded the amplitude of the field potentials in the presence of CNQX (10 M; Fig. 5C,D) . For evoking clear potentials, focal stimulation at an intensity of 600 A was used. The amplitude of the CNQXresistant potentials in AC was larger than that in VC. It was 2.1 Ϯ 0.4 mV (n ϭ 7) in AC and 1.3 Ϯ 0.2 mV (n ϭ 9) in VC at a site 300 m from the stimulating electrode, and the difference was significant ( p Ͻ 0.05; Fig. 5C,D) . The CNQX-resistant field potentials are composed of presynaptic volley potentials and antidromic population spikes. Therefore, it is suggested that the density of horizontal connections is higher in AC than in VC. For confirmation of the difference in the density of horizontal connections, whole-cell recording was used. Focal stimulation of supragranular layers produced EPSPs in a typical supragranular pyramidal neuron in each cortex (Fig. 6) . As the stimulus intensity was increased, the amplitude of the EPSPs increased, and orthodromic spikes appeared. In some neurons, an antidromic spike appeared without a preceding EPSP (Fig. 6 A) . Of 35 supragranular pyramidal neurons recorded in AC, 18 showed antidromic spiking in response to the 600 A focal stimulation, whereas only 6 of 25 visual neurons responded antidromically. This difference in the ratio of neurons showing antidromic spiking between the cortices was significant ( 2 test, p Ͻ 0.05). It is concluded from these results that the density of horizontal axon collaterals of pyramidal neurons in AC is approximately twice that in VC.
DISCUSSION
In our previous study (Kudoh and Shibuki, 1996a) , we found that most of supragranular pyramidal neurons recorded in AC slices of adult rats showed marked TS-induced LTP in trans-synaptic spiking activities, which correspond to cortical output to other cortical areas (Toyama et al., 1969) . For determination of whether this marked TS-induced LTP is specific to AC, we compared LTP between AC and VC in the present study and found that TSinduced LTP in AC was twice that in VC, whereas no cortical difference was found in LTP of EPSPs elicited by low-frequency stimulation paired with current injection. Results of analyses for the difference in TS-induced LTP amplitude led us to conclude that polysynaptic and postsynaptic depolarization in pyramidal neurons of AC is amplified by activity of intrinsic local circuits composed of well developed horizontal axon collaterals, and that marked TS-induced LTP in AC is attributable to the amplified postsynaptic depolarization during TS. The rationale for this conclusion and possible f unctions of well developed horizontal connections in AC are discussed below.
Linkage between TS-induced postsynaptic depolarization and TS-induced LTP
We tested various possibilities that might explain the cortical difference in TS-induced LTP amplitude. The possible technical artifacts generated during preparation of the slices might produce the difference. However, TS-induced LTP amplitude recorded in horizontal slices of AC and parasagittal slices of VC did not differ markedly from those recorded in coronal slices. It is also unlikely that synaptic responses elicited by single-pulse stimulation differ significantly between the cortices. Although NMDA receptors are quite important for evoking neocortical LTP in AC Shibuki, 1994, 1996a) and VC (Artola and Singer, 1987; Kimura et al., 1989) , no clear difference in the amplitude of the population spikes elicited by activation of NMDA receptors was found between the cortices. Diversity in intrinsic inhibition is another possibility, but the difference in TS-induced LTP was not diminished by bicuculline (Fig. 1G) . However, no apparent cortical difference was found in pairing-induced LTP of EPSPs (Fig.  2 F) . This finding strongly supports the notion that the difference in TS-induced LTP is a result of circuitry rather than biochemical differences. Similarly, the difference in TS-induced LTP cannot be explained by cortical diversities in the critical period for the induction of LTP. The remaining possibility is that the difference in TS-induced LTP is derived from differences in the extents of TS-induced postsynaptic depolarization. In the slices in which supragranular horizontal connections were interrupted by a pair of slits, the difference in TS-induced LTP was diminished, and TS-induced depolarization was reduced in AC and augmented in VC. A causal linkage between the TS-induced postsynaptic depolarization and TS-induced LTP is strongly suggested by these results.
Roles of horizontal axon collaterals of pyramidal neurons in generation of LTP diversity
TS-induced depolarization was reduced by the presence of slits in AC but was augmented in VC. Therefore, it is expected that more inhibitory neurons are activated by horizontally propagating inputs in VC than in AC. This hypothesis is consistent with the observation that the supragranular field potentials elicited by focal stimulation were augmented by bicuculline, as shown previously (Chagnac-Amitai and Connors, 1989) , and that the effect of bicuculline is more pronounced in VC than in AC (Fig. 5A,B) . However, LTP in VC was not augmented by bicuculline or by cutting of horizontal connections in the supragranular layers in the present study. This apparent discrepancy may be explained by the presence of inhibitory inputs terminating on the soma and the initial segment of pyramidal neurons (Williams et al., 1992) . These inhibitory inputs are expected to suppress spike generation regardless of excitatory dendritic inputs, whereas dendritic depolarization and resulting LTP at excitatory synapses on remote dendrites are not (Blomfield, 1974) . The density of horizontal connections can be estimated by measurement of CNQXresistant potentials or antidromic unit activities of pyramidal neurons. The estimated density of horizontal connections differed significantly between AC and VC. Therefore, it is very likely that the density of horizontal axon collaterals of pyramidal neurons is important in the amplification of polysynaptic and postsynaptic depolarization and of TS-induced LTP.
Critical density of horizontal axon collaterals required for amplification of polysynaptic and postsynaptic depolarization and of TS-induced LTP
Axon collaterals Ͼ1 mm are well developed in VC (Gilbert, 1992) . However, an effect of cutting of horizontal connections on TS-induced LTP was observed only in AC. Auditory pyramidal neurons tend to extend long-range axon collaterals through isofrequency bands (Reale et al., 1983; Ojima et al., 1991) , which extend through the dorsoventral axis in rats (Sally and Kelly, 1988) . However, the amplitude of TS-induced LTP in the coronal slices parallel to the isofrequency bands did not differ significantly from that in the horizontal slices cut orthogonally to the isofrequency bands. Therefore, long-range axon collaterals do not seem critical for TS-induced LTP. The slits, which caused a reduction in the amplitude of TS-induced LTP in AC, were Ͻ500 m apart. Therefore, it is quite likely that axon collaterals located within 500 m from the soma determine the amplitude of TS-induced LTP in AC. This range might correspond to the area where accumulation of extracellular K ϩ is elicited by TS, and neural excitability is facilitated (Leng et al., 1988) . However, this hypothesis does not explain the differences in TS-induced LTP amplitude between AC and VC.
Alternatively, there might be a critical density of horizontal connections required for amplification of TS-induced LTP. Supragranular pyramidal neurons are connected to each other, and a single spike in the activity of one pyramidal neuron is sufficient to elicit measurable EPSPs in the target pyramidal neurons (Thomson et al., 1988; Mason et al., 1991) . During TS, many pyramidal neurons are activated simultaneously, so that mutual recurrent connections may function as reverberating circuits. Such reverberating activities are observed in networks of cultured cortical neurons (Muramoto et al., 1993) . Although long-lasting reverberating activity is unlikely to occur because of presynaptic depression and postsynaptic desensitization (Thomson and West, 1993) , transient reverberation may be produced during TS if the gain of mutual recurrent connections between pyramidal neurons is larger than unity. The density of horizontal connections in AC is higher than that in VC, and a high density of axon collaterals is expected to be present within a narrow area around the soma. TS-induced LTP seems to be amplified by local circuits located within a narrow area around the soma in AC. This coincidence between the high density of connections and amplification of TS-induced LTP is explained by assuming that the density of connections around the soma in AC is larger than the critical density at which the gain of mutual recurrent connections between pyramidal neurons is unity.
Functional significance of local circuits specific to AC
In the present study, we found well developed horizontal axon collaterals of pyramidal neurons in slices of AC. Because most of the local connections cut by the slicing are expected to be intact in vivo, characteristics of local circuits are expected to be clearer in vivo than in slices. The well developed horizontal connections in AC may have various f unctional implications. First, thalamocortical sensory inputs are amplified by recurrent intracortical circuits (Douglas et al., 1995) , of which horizontal axon collaterals are main components. Well developed horizontal connections in AC, therefore, facilitate postsynaptic depolarization induced by auditory inputs. Because postsynaptic depolarization is quite important in cortical plasticity Shultz and Frégnac, 1992; Cruikshank and Weinberger, 1996) , synaptic plasticity elicited by auditory inputs in vivo is probably facilitated by horizontal connections, as TS-induced LTP in slices is amplified. This characteristic feature of AC may explain marked synaptic plasticity elicited by learning in AC of adult animals (Ahissar et al., 1992; Edeline and Weinberger, 1993; Recanzone et al., 1993) .
Intracortical connections between pyramidal neurons are expected to play an essential role in synchronized and oscillatory activities in the sensory cortex (Singer, 1993) . Horizontal connections may mediate synchronization of neural activities in AC. The synchronized and oscillatory activities found in VC (Grey and Singer, 1989) have also been detected in AC by electrophysiological recording (Franowicz and Barth, 1995; Barth and MacDonald, 1996) , optical recording (Fukunishi and Murai, 1995) , and magnetic field recording (Tesche and Hari, 1993) . Rhythmic activities may be generated in a single cortical neuron (Llinás et al., 1991) . However, extensive synchronization between neurons requires the presence of well developed horizontal connections. A logical question derived from this consideration is whether many neurons connected with well developed horizontal axon collaterals in AC may simultaneously respond to auditory stimuli. As expected, scattered distribution of excited neurons during presentation of auditory stimuli can be observed in AC by optical recording (Fukunishi et al., 1992; Taniguchi et al., 1992) . In contrast, high-resolution images of neural populations excited by visual stimuli in VC can be obtained through optical recording (Frostig et al., 1990; Bonhoeffer and Grinvald, 1991) . These results suggest that neurons connected with well developed axon collaterals in AC might be suitable substrates for population coding of auditory information (Wang et al., 1995) .
